A novel thermophilic bacterial strain, CBS-Z T , was isolated from a terrestrial hot spring in the Changbai Mountains, PR China. Cells of strain CBS-Z T were short straight rods without flagella and had Gram-positive cell walls. Growth was observed at 40-90 6C (optimum 75 6C) and at pH 5.6-8.6 (optimum pH 7.8). The primary end-products from the fermentation of filter paper by strain CBS-Z T were acetate, lactate, H 2 , and CO 2 . The main cellular fatty acids were iso-C 17 : 0 , 
The genus Caldicellulosiruptor comprises extremely thermophilic, cellulolytic/hemicellulolytic, heterotrophic obligate anaerobes. Species of the genus Caldicellulosiruptor can secrete biomass-degrading enzymes into the extracellular milieu to generate pentoses and hexoses from renewable lignocellulosic biomass. For this reason, the genus Caldicellulosiruptor is important for industrial consolidated bioprocessing (Blumer-Schuette et al., 2010) . In addition, members of the genus Caldicellulosiruptor can produce hydrogen by anaerobic dark fermentation with high substrate conversion efficiencies (Rittmann & Herwig, 2012) . For instance, C. saccharolyticus can produce hydrogen from carbohydrate-rich substrates at yields close to the theoretical maximum (Willquist et al., 2010) . Thus, the genus Caldicellulosiruptor represents one of the options under investigation for the future industrial-scale production of hydrogen. At the time of writing, the genus Caldicellulosiruptor comprises eight species with validly published names: Caldicellulosiruptor saccharolyticus (Rainey et al., 1994) , C. lactoaceticus (Mladenovska et al., 1995) , C. owensensis (Huang et al., 1998) , C. kristjanssonii (Bredholt et al., 1999) , C. acetigenus (Onyenwoke, et al., 2006) , C. kronotskyensis and C. hydrothermalis (Miroshnichenko et al., 2008) and C. bescii (Yang et al., 2010) . The name of an additional species, 'C. obsidiansis' (Hamilton-Brehm et al., 2010), has not yet been validly published. Most species of the genus Caldicellulosiruptor have been isolated from geothermal springs. Here, we describe a novel thermophilic anaerobic hydrogenproducing bacterium, which we have designated strain CBS-Z T . Sediment samples were collected from a hot spring in the Changbai Mountains, North-east China (longitude 128 u , latitude 42 u , altitude 2189 m; T583 u C; pH#7.0). Approximately 1 ml of each sediment sample was inoculated into 3These authors contributed equally to this work.
Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron microscopy.
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain CBS-Z T is JX280492.
20 ml enrichment medium and incubated for 4 days under anaerobic conditions at 75 u C. DSMZ 516 medium (LeibnizInstitut Deutsche Sammlung von Mikroorganismen und Zellkulturen, Germany) was used as enrichment medium with filter paper sludge as the carbon source (0.5 %, w/v). Cultures that grew under these conditions were transferred to fresh medium and recultivated under the same conditions at least three times.
In order to isolate the hydrogen-producing strains directly, a solid screening medium was prepared: 1.1 % (w/v) agarose was added into the enrichment medium and cellobiose was used as a carbon source (0.5 %, w/v). The medium was anaerobically prepared in Hungate tubes, sterilized by autoclaving, and cooled to 70 u C. The enrichment culture was serially diluted and then inoculated into Hungate tubes. The medium was then mixed and solidified at 60 uC. Within 4-5 days incubation at 60 u C without shaking, microorganism colonies were observed to have grown in the solid medium and some of them formed small gas bubbles. Approximately 20 ml enrichment medium was anaerobically inoculated into the gas bubbles by using microlitre syringes and then transferred into fresh medium. The medium was incubated at 75 u C for a further 1-2 days. For the purification of strains, the cultures were serially diluted in Hungate roll tubes that contained screening medium in which the agarose was replaced with 2 % agar. After incubation at 60 u C for 4-5 days, single colonies were picked and cultivated in Durham tubes in enrichment medium at 75 uC. This led to the identification of a strain that produced gas rapidly, which we have designated CBS-Z T .
Genomic DNA of strain CBS-Z T was obtained using the method described by Rainey et al. (1996) , and the G+C content was determined by HPLC (Mesbah, et al., 1989) . The 16S rRNA gene was amplified by PCR using the primers 59-AGAGTTTGATCCTGGCTCAG-39 (forward) and 59-CT-ACGGCTACCTTGTTACG-39 (reverse). An almost-complete 16S rRNA sequence for strain CBS-Z T was determined and compared with those for type strains available in the GenBank database using the BLASTN program (http://blast.ncbi.nlm.nih. gov/Blast.cgi; National Center for Biotechnology Information, MD, USA). Pairwise alignments were established using the EzTaxon program (Kim, et al., 2012) . Multiple alignments and phylogenetic analysis based on 16S rRNA gene sequences were performed using CLUSTAL W software version 1.8 (Thompson et al., 1994) and MEGA 5.0 software (Tamura et al., 2011) . Bootstrap values were determined based on 1000 replicates. Phylogenetic analysis showed that strain CBS-Z T is affiliated to the genus Caldicellulosiruptor (Fig. 1) Cellular fatty acids from cultures in exponential phase were analysed using Sherlock MIS standard Microbial Identification System (MIDI) (Sasser, 1990) . The major fatty acids of strain CBS-Z T were iso-C 17 : 0 (54.8 %), iso-C 14 : 0 3-OH (12.9 %), C 16 : 0 (9.6 %) and iso-C 15 : 0 (5.4 %) (Table  S1 , available in the online Supplementary Material). The branched fatty acids of strain CBS-Z T were as high as 76.7 % of the whole-cell fatty acids. Because the fatty acid contents in the genus Caldicellulosiruptor were not reported up to date, the cellular fatty acids of C. bescii DSM 6725 T were also determined. The results indicated that the major fatty acids of C. bescii were the same as those of strain CBS-Z T but the percentage of each fatty acid was quite different. Furthermore, the branched fatty acid content of C. bescii (53.4 %) was lower than that of strain CBS-Z T .
For transmission electron microscopy (TEM), strain CBS-Z T was cultivated at 70 u C for 2 days. Cells were harvested and examined according to the method of BonchOsmolovskaya et al. (1990) . The morphology of the cells (Miroshnichenko et al., 2008) ; 6, C. kristjanssonii I77R1B T (Bredholt et al., 1999) ; 7, C. owensensis OL T (Huang et al., 1998) ; 8, C.
lactoaceticus 6A DSM 9545 T (Mladenovska et al., 1995) ; 9, C. bescii DSM 6725 T (Yang et al., 2010) . All species of the genus Caldicellulosiruptor were positive for use of general carbon sources (cellobiose, lactose, maltose, starch, xylan and xylose) for growth. +, Positive; ", negative; NR, not reported.
Characteristic 1 2 3 4 5 6 7 8 9
Cell size (mm) 2-360.5-0.7 3-460.4-0.6 3-3.260.5-0.7 3.6-5.960.7-1 3-3.260.5-0.7 2.8-9.460.7-1 2-560.5-0.8 1.5-2.860.7 NR pH range for growth (optimum)
5.6-8.6 (7.8) 5.5-8.0 (7.0) 6.0-8.0 (7.0) 5.2-8.5 (7.0) 6.0-8.0 (7.0) 5.8-8.0 (7.0) 5.5-9.0 (7. 
of strain CBS-Z T appeared by TEM as short straight rods (2-360.5-0.7 mm) with rounded ends (Fig. S1A) . For scanning electron microscopy (SEM), cells were grown in DSMZ 516 medium with filter paper as the carbon source. After 2 days cultivation at 70 u C, cells on the filter paper were examined by SEM (Hamilton-Brehm et al., 2010) . Cells occurred singly or in pairs on the filter paper surface and no flagella-like structures were observed (Fig. S1B ). Spores were not observed during cultivation for 5 days at 70 u C in DSMZ 516 medium with cellobiose as the carbon source. Cells stained Gram-positive. After 5 days anaerobic cultivation at 60 u C on DSMZ 516 agar medium containing 0.5 % (w/v) cellobiose, colonies of strain CBS-Z T appeared flat, smooth, ivory-white and round.
Physiological studies to determine the temperature, pH and salinity ranges at which strain CBS-Z T could grow were conducted in the medium used for enrichment or isolation unless otherwise noted. The main end-products from filter paper fermentation were determined by HPLC using a Rezex RHM column (Phenomenex) and by GC using a Hayesep Q column (Agilent). Substrate utilization assays were performed at the substrate concentration of 0.5 % (w/v). Strain CBS-Z T only grew under strictly anaerobic conditions. The growth temperature of strain CBS-Z T ranged from 40-90 u C, and the optimal temperature for growth was 75 u C. Strain CBS-Z T grew at pH 5.6-8.6, with optimum growth at pH 7.8 (Fig. S2) . The strain grew on the following substrates: arabinogalactan, avicel, arabinose, CM-cellulose, cellobiose, glucose, maltose, fructose, starch, lactose, sucrose, galactose, xylose, xylan, filter paper, pectin, sorbitol, trehalose and yeast extract; it was unable to grow on either acetate or casein. The main end-products from the fermentation of filter paper by strain CBS-Z T were acetate, lactate, H 2 and CO 2 .
The characteristics of strain CBS-Z T were compared with species of the genus Caldicellulosiruptor (Table 1 ). The 16S rRNA gene sequence similarity between strain CBS-Z T and type strains of three other species of the genus Caldicellulosiruptor, C. saccharolyticus DSM 8903 T , C. hydrothermalis and C. acetigenus, was 96.36 %, 94.82 %, and 94.81 %, respectively. However, some distinct differences were observed between these other species of the genus Caldicellulosiruptor and strain CBS-Z T . The growth temperature of strain CBS-Z T was much higher, and strain CBS-Z T also showed more alkaline tolerance than these three species. Strain CBS-Z T had the ability to utilize CMcellulose and sorbitol as the sole carbon sources for growth, while it was reported that C. saccharolyticus could not grow on either of these two substrates. Moreover, the G+C content of the genomic DNA of strain CBS-Z T was higher than that of C. saccharolyticus. Strain CBS-Z T lacked flagella, but C. hydrothermalis had peritrichous flagella. Cells of CBS-Z T stained Gram-positive, while C. acetigenus stained Gram-negative. Furthermore, strain CBS-Z T grew optimally at pH 7.8 while C. saccharolyticus and C. hydrothermalis grew optimally at pH 7.0. Based on these phenotypic differences and the phylogenetic distance from other members of the genus Caldicellulosiruptor, strain CBS-Z T should be assigned as representing a novel species of this genus, for which the name Caldicellulosiruptor changbaiensis sp. nov. is proposed.
Description of Caldicellulosiruptor changbaiensis sp. nov.
Caldicellulosiruptor changbaiensis (chang.bai.en9sis. N.L. masc. adj. changbaiensis pertaining to the isolation of the organism from the Changbai Mountains, PR China).
Cells are anaerobic, Gram-stain-positive, short straight rods, approximately 2-3 mm long by 0.5-0.7 mm wide, and adhere to the filter paper surface singly or as end-end pairs. Growth occurs at 40-90 u C (optimum 75 u C), at pH 5.6-8.6 (optimum pH 7.8) and with NaCl concentrations of 0-1 % (w/v). Displays growth on arabinogalactan, avicel, arabinose, CM-cellulose, cellobiose, filter paper, fructose, galactose, glucose, glycerol, lactose, maltose and pectin, but is unable to grow on either acetate or casein. The main fermentation end-products when grown on filter paper are acetate, lactate, H 2 and CO 2 . The fatty acid profile is dominated by iso-C 17 : 0 , iso-C 14 : 0 3-OH and C 16 : 0 ; the complete fatty acid profile can be found in Table S1 .
The type strain, CBS-Z T (5DSM 26941 T 5CGMCC 1.5180 T ), was isolated from the sediment collected from a hot spring in the Changbai Mountains, PR China. The G+C content of the genomic DNA of the type strain is 36.08 mol%.
